A new mechanism for the radius stabilization is proposed in a 5D super-YangMills model in the warped background of AdS 5 . Dominant 1-loop contribution to the supersymmetric 4D effective potential is estimated to depend on the radion. The minimization of the effective potential incorporating the tree potential and a FayetIliopoulos D-term for the gauge group U(1) reveals an interesting case that the radius is stabilized at a length corresponding to an intermediate mass scale 10
Introduction
Supersymmetry (SUSY) and extra dimensions are attractive extensions of particle theories beyond the Standard Model (SM). They are expected to solve the gauge hierarchy problem and pave the way to the unified theory involving gravity. A bulkboundary system has been extensively studied in this context. Many attempts in this direction have the compactification radius and it is necessary to find the mechanism for the radius to stabilize. One of interesting possibilities is to introduce a scalar field (or hypermultiplets for the case of SUSY) in the bulk and minimize an induced radion potential [1, 2, 3, 4, 5, 6, 7] . Another important issue of the extra dimension is the problem of power law (linear) running of gauge couplings. It is well-known that in 5-dimensional (5D) Yang-Mills (YM) theories with mirror-plane boundaries the linear running of gauge coupling constants takes place when the compact extra dimension is flat [8] , while the running remains logarithmic [9, 10] in a model of AdS 5 with the warped extra dimension of Randall-Sundrum (RS) [11] . The origin of the power law is a democratic summation of Kaluza-Klein (KK) excitation modes for bulk propagators in loop diagrams. In AdS 5 , on the contrary, the cutoff for the 4D momentum integral, hence the visible range of KK modes, depends on a position in the fifth dimension, which suppresses the growth of gauge couplings.
Recently, we have estimated a 1-loop 4D effective potential in the framework of 5D super-YM model compactified on an orbifold S 1 /Z 2 of size l by Mirabelli-Peskin [13] and Hebecker [14] using auxiliary field tadpole method (AFTM) [16] and, under such assumptions that the quadratic divergence does not arise, found that its dominant part diverges not logarithmically but linearly [15] . In other words, it is proportional to a cutoff scale Λ multiplied by l. This has the same origin with the linearity of running of gauge couplings in the flat extra dimension. If l is very small, the linear divergence is greatly suppressed to generate a finite 1-loop amplitude. Another interesting observation in [15] is that if a Fayet-Iliopoulos (FI) D-term is introduced as a probe for examining the physical property of the effective potential for the gauge group of U(1), there is a case such that the potential is minimized at a specific value of l where the SUSY is restored. In fact, this l corresponds to an intermediate mass scale ≈ 10 11 or 10 14 GeV for the cutoff mass scale Λ = M GU T or M P l . Therefore, it is worthwhile to investigate if the SUSY effective potential grows linearly as increasing Λ in AdS 5 or not as well as how the phenomenon of SUSY restoration at the specific l is connected with the radius stabilization.
In this paper, we propose a simple model which implements a new mechanism for the radius stabilization by making use of the linear growth of SUSY 1-loop effective potential. We will be based on the 5D super-YM model with the warped extra dimension [11] . The field content is the same as that of [13] , i.e., we have 4D chiral matter multiplets on one brane in addition to the 5D gauge multiplet in the bulk. It should be stressed that we do not have any hypermultiplet in the bulk. The result will show a possibility to give a linear cutoff dependence as in the flat extra dimension and to realize the radius stabilization for the gauge group U(1). This is because the main contribution to our SUSY effective potential is from the bulk propagator of the scalar component Φ of 5D gauge supermultiplet and the interaction of Φ with the boundary matter field φ's takes place only in the 4D boundary, so that the relevant loop amplitude including the the Φ-propagator can incorpolate the whole KK modes up to Λ without being restricted by the extra dimension-dependent cutoff [10] in the RS [11] background provided that the matter superfield is placed on the so-called "Planck brane". The fields on the Planck brane does not directly couple with the radion [4] . However, their potential does depend on l, which is related to the vacuum expectation value (VEV) of the radion, through the bulk propagator.
In our model, we will not consider the full 5D supergravity (SUGRA) but only a part of it, i.e., the radion superfield T . Therefore, our formulation should be regarded as that of rigid SUSY on nontrivial gravitational backgrounds. In particular, we assume that the backreaction of fields in the bulk-boudary system to the background metric can be neglected.
5D super-Yang-Mills model in AdS 5
We will consider the 5D space-time with the signature (+ − − − −). The extra dimension x 5 is compactified on an orbifold S 1 /Z 2 of size l. We take an anti-deSitter space metric as in [10] :
where z ≡ exp(kx 5 )/k = exp(ykr)/k (y ≡ (π/l)x 5 , −π ≤ y ≤ π) with r being the radius of S 1 which we identify with a real part of scalar component of radion chiral multiplet T [3, 4, 12] :
where b, ψ R and F T denote the fifth component of graviphoton, the fifth component of right-handed gravitino and a complex auxiliary field, respectively. We regard l/π as the VEV of r, i.e., l ≡ π r . We have two branes: a Planck brane at z = 1/k (y = 0) and a TeV brane at z = 1/q (y = π). q is related to l by
and 1/k is the AdS curvature radius. The effective 4D Planck scale M P l depends on r and is given by [4]
where M 5 is the 5D Planck scale. The T and T † -derivative of f (r) serves a coefficient of the radion kinetic term in the 4D SUGRA. It is assumed that q ≪ k M 5 M P l and kl ≈ 35 in order for q ≤O(TeV) to be realized. We put a 5D gauge supermultiplet in the bulk which is made of a vector field
, and a triplet of auxiliary scalar fields X a (a = 1, 2, 3). All bulk fields are of the adjoint representation of the gauge group:
and
We project out N = 1 SUSY multiplets by assigning Z 2 -parity to all fields in accordance with the 5D SUSY. A consistent choice is given as:
(The fields of P = −1 vanish on the boundaries
supermultiplet in Wess-Zumino gauge and a chiral scalar supermultiplet, respectively. We do not have any hypermultiplet in the bulk which is usually used in order for the radius stabilization to be realized. Our model is simpler in this respect and the radion potential will be discussed without hypermultiplets. We introduce on one of two branes a 4D massless chiral supermultiplet S ≡ (φ, ψ, F ) of the fundamental representation where φ, ψ and F stand for a complex scalar field, a Weyl spinor and an auxiliary field of complex scalar, respectively.
The 5D SUSY action is:
where
L , ξ respects a FayetIlliopoulos D-term which can be present for an Abelian gauge group and we have taken the following superpotential:
with the coefficient λ α ′ β ′ γ ′ being such that the gauge symmetry is respected. In (6) couplings of the bulk vector supermultiplet with the radion field are not explicit with the radion field being only in the warp factor coming from √ G in (5) after the relevant rescaling of the fields [12] . If w = 1/k is chosen, the radion does not couple with the fields on the brane [4, 12] , while if w = 1/q is chosen, the effects of the radion to the fields on the brane are made not explicit also in (7) by rescaling the fields and couplings. Indeed, the coupling of the radion with the chiral superfield S on the z = 1/q(y = π) brane should have been in fact given by the Lagrangian [12] 
After the rescaling S → e −πkr S, ξ → e −2πkr ξ and λ → e 2πkr λ, we obtain (7).
Estimation of 1-loop diagrams
The main contribution to the SUSY effective potential at the 1-loop level in AFTM [16] comes from the diagrams in Fig.1 , where the bulk propagator of Φ contains the KK modes and has proved to give rise to the linear divergence in the flat background of the extra dimension [15] . Here we estimate the amplitude of Fig.1 in the warped background. After [10] , we represent the propagator in the momentum space for 4D, but in the position space for the fifth dimension.
The propagator of Φ is expressed by the Green's function
where p µ = i∂ µ is the four-momentum. As m
2 for L blk (6) to be SUSY and the Z 2 -parity of Φ is odd, (10) is solved to give
where u ≡ min(z, z ′ ), v ≡ max(z, z ′ ) and a Wick rotation has been performed. The solution (11) satisfies Dirichlet boundary conditions at both branes:
Making use of the Feynmann rules and regulating the loop integrals following [10] , the contribution of Fig.1 to the 4D effective potential is written as
has been rewritten as dimensionless g and we have assumed µ = Λq/k and Λ k. Since G p (u, v) obeys (10) and (12) , I(p, a, b, w) contains a term proportional to δ(0) which should be cancelled by that generated through the elimination of X 3 from (5) [15] . In the following, we redefine I(p, a, b, w) − (term ∝ δ(0)) as
I(p, a, b, w).
The integral in (13) depends heavily on which brane the matter fields are placed on. If they are on the TeV brane, i.e., w = 1/q, it vanishes since (15) can remain nonzero only when p = µ which is nothig but the lower bound of the integral. On the other hand, if the matter fields are placed on the Planck brane, i.e., w = 1/k, we split the integral into two regions; p ck and ck p with c =const.< 1. Then, for the region p ck,
while for ck p,
Thus, we obtain for w = 1/k
It is remarkable that a term proportional to lΛ in the effective potential does appear when the matter supermultiplet lives on the Planck brane. This is because the whole KK modes up to Λ has been democratically summed in the loop amplitude without being restricted by the extra dimension-dependent cutoff [10] .
Our effective potential is estimeted on the brane so that it is intrinsically 4D except that it has bulk effects through the loop diagrams containing the bulk field propagator. Therefore, the tree potential is not affected by the bulk but respects only to the brane where the matter lives. We choose the gauge group to be U(1). We include additional chiral supermultiplets with similar Lagrangians as (7), arrange their U(1)-charges and VEVs such that the quadratic divergence does not arise. Then, the FI D-term is activated and the effective potential to be minimized reads [15] 
where V tree is a tree lvel potential which is directly read from (6) and (7), V 1−loop is the dominant part of (18) with
and V F I comes from the FI D-term. V ef f is a function of f, d, η and α for given λ, g and ξ and, as α ∝ l = π r , can be regarded as a radion potential. Why does V ef f depend on the radion in spite that it does not directly couple with the fields on the brane? It is because the democratic sum of KK excitation modes for bulk propagators proves to be proportional to l, hence to r .
Hereafter we assume that VEVs are real for simplicity. The potential is minimized along the direction ∂V ef f /∂f = ∂V ef f /∂d = 0, i.e., for f = λ(1 − α)η 2 /2 and
, which reduce the potential to the function of two variables η and α : V ef f (η, α).
If gξ > 0, V ef f (η, α) has a minimum at η = 0 (f = 0, d = −ξ) for any α with a minimum value ξ 2 /2 which measures the SUSY breaking scale M SU SY . α represents a flat direction and the radius of the extra dimension is not stabilized. If gξ < 0, on the other hand, V ef f (η, α) is shown in Fig.2 for tentative values |λ| = |g| = 0.1 and |ξ| = 100 TeV 2 and minimized for η = ± |ξ/2g| and α = 1 (f = d = 0) with a vanishing minimum value. Fig.3 shows the profile of V ef f (η, α) along ∂V ef f /∂η = 0 i.e., for while Fig.4 shows the profile for α = 1;
Therefore, the radius of the extra dimension is stabilized at r = l/π = 32π/Λg 2 making SUSY restored in the true vacuum in spite of, or owing to (!), the presence of FI D-term. The SUSY restoration is realized for any ξ that satisfies gξ < 0. This result is extremely robust since taking the term ∝ log(Λ/ck) and the finite terms in (18) into account amounts only to shift α, hence l, slightly. The appearance of two degenerate vacua at η = ± |ξ/2g| might give rise to a domain wall problem, which we leave to a future research. The restoration of SUSY with the vacuum energy being zero at the potential minima justifies our assumption that there is no backreaction of fields in the bulk-boudary system to the background metric.
One of interesting features of the result is the fact that this size of extra dimension corresponds to an intermediate mass scale. For example, l −1 ≈ 3 × 10 11 GeV (≈ 10 14 GeV) for Λ = M GU T ≈ 10 16 GeV (= M P l ≈ 2 × 10 18 GeV) and g ≈ 0.1 as shown in Table 1 . Thus, our l is apparently incompatible with the assumptions kl ≈ 35 if k ≈ M P l . The value of M 5 is also shown in Table 1 for two differnt cutoffs. The size of the extra dimension, 5D Planck mass and the radion mass estimated for |λ| = |g| = 0.1, α = 1 and two different cutoffs.
The radion mass is estimated for gξ < 0 as
where the canonical normalization of the radion kinetic term has been adopted. The radion mass strongly depends on the parameter of FI-term ξ which can not be determined in the present model.
Modified scales in Randall-Sundrum model
According to the conventional RS setup, k ≈ M P l and q =O(TeV) (hence the names Planck brane and TeV brane) so that l −1 is slightly smaller than M P l , i.e.,
kl ≈ 35. It should be noted, however, that the values of these parameters are not necessarily immovable. All they have to be subject is to such constraints as (3), (4) and k Thus, the radius stabilization suggested in [15] for the flat extra dimension can also be realized for the 5D super-YM model of the gauge group U(1) with warped extra dimension at the price of shifting the Planck brane to, say, an "intermediate brane". The matter supermultiplet φ on this brane could not be one of ordinary SM particles, which should live on the TeV brane, but be regarded as a kind of hidden sector particles.
The numerical value of the radion mass (26) is shown in Table 1 , where we have taken λ = 0.1 as a tentative value and |ξ| = 100 TeV 2 as a value of reference. This result suggests that |ξ| ≫ 100 TeV 2 or |ξ| ≪ 100 TeV 2 might be required in order to avoid the cosmologically dangerous region.
Conclusion
We have estimated the dominant 1-loop contribution to the SUSY 4D effective potential for a 5D super-YM model in the warped background of AdS 5 . If the matter supermultiplet is placed on the Planck brane, it has been proved to be proportional to the 4D momentum cutoff times the size of extra dimension, i.e., V 1−loop ∝ lΛ, as in the case of flat background. Choosing U(1) as the gauge group, we have minimized the effective potential and found the case that the radius stabilization with l −1 ≈ 10 11−14 GeV can be realized, although the concept of Planck brane should be modified to intermediate brane.
Our model implements a new mechanism for the radius stabilization of the extra dimension in the sense that we have a gauge supermultiplet in the bulk and chiral supermultiplets in the brane but need not introduce any hypermultiplet in the bulk. Although the radion does not directly couple with the fields on the brane, our effective potential can be regarded as a radion potential because the sum of KK excitation modes for the bulk propagators in the loop diagrams proves to be proportional to l = π r .
It is a subject of future study to extend our model to the full 5D SUGRA taking the backreaction into account.
